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ROTATIONAL ENERGY TRANSFER IN HIGHLY VIBRATIONALLY EXCITED

HYDROGEN FLUORIDE AND DEUTERIUM FLUCRIDE
(Contract No. N0O0014-79-C-0415)

PR, W

rincipal !nvestigator: F. Fleming Crim, University of Wisconsin)
scientific Problem 1

Mulecular energy transfer 1s a fundamentally and practically

Al .

important preocess that has received and continues to merit substantial
caperimental and theoretical study. One of the most important practical
manifestations of the importance of collisional energy transfer is in

~hemical lasers, where the details of the energy redistribution pathways

danind B

control the performance of the device and where mathematical models
reguire a substantial amount of dynamical and kinetic information. Such

rodels are central to understanding and improving the performance of

" ¥ . 3 e

these lasers. 0On a more fundamental level molecular energy transfer
exp=2riments are important as sources of data for comparison with

theoretical descriptions of inelastic scattering. In particular,

. ve

detailed data on rotational and vibrational energy redistribution in
collisions are the means of testing classical and guantum mechanical
calculations that predict the variation of rates and pathways with
excitation level or guantum number. Despite the rather extensive body

nf data on vibrational energy transfer that now exists on molecules in

4
1
J
]
:

suw vibrational levels, the theoretical descriptions remain incomplete,
particularly for molecules in which long range forces play a significant
role.

Experimental studies of molecular energy transfer in hydrogen and

deuterium fluoride provide the data for practical models of chemical

<

<9

. L. RN N
I R T Y |

O Y PR i GG AP WS TR e ¥ A G S AP P PR




LA
. .

-

-

Y T Y T Y Y

vrvvvv

-

o

W Y T vaTw W w e ey b Binsn hant Mot duus Shme aeans 4 T -y -— ey Ty ——
- N Ealind e Madlinsndhan Aadim - . . -y . Bl B e o o -y
Pl - P - . . v, Y Y

e oand for o comparlsun to theoretical descriptions. Our approach is
t . e Laser excitation of overtone vibrations to prepare molecules in
ol rotational states of highly vibrationally excited hydrogen

v ile or deuterium fluoride and to use laser double resonance to

.- the populations of individual guantum states during the

s [T N

sotoeguent collisional relaxation. These experiments measure individual

. utation rate constants and provide the means of unravelling the

[ A

Recent Progress

our Office of Naval Research funded activities have been in three
broad areas during the last two years: rotational relaxation,
vibraticnal relaxation, and hardware development. In these experiments,
2 6 ns pulse of light from a Nd:YAG/dye laser or the near-infrared
pulse generated by stimulated Raman scattering of the dye laser light
exoites an overtone vibration of hydrogen fluoride, and continuous
infrared radiation from a HF chemical laser probes the populations of
individual vibrational-rotational states of the excited molecule or its
collision partner. A transient digitizer captures the time-evolution ot
the amplification or absorption of the probe laser radiation as it
passes through a cell collinearly with the excitation beam, and
extensive averaging of the signal yields reliable population and rate
information with a time-resolution of about 20 ns. The following
sections discuss the recent experimental results and hardware

development work separately.
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o 1 N taim Lee
ol orimary Souaic an studying the vibraticocnal retraxation ot
oAt Loas 2o e s heydrogen fluoride has been to unravel the
a1 s w0 toe oo 1oaonal energy transfer pathways.  In particular, we
Lo s e ra2iative importance of vibration-to-vibration (V-
“aniation, rotation (V-T,R} energy transter for
. oo as o wevels of hydrogen fluoride. The former shuttles
St g tren the Initialiy excited molecule into the
: oot Coslision partner,
HEovl o+ HF(Q) - HF(v-1) + HF(1),
L . vt eeaves the collision partner in the same vibrational
doepsaits vnerygy in translations and rotations of the two
e tryp + HE{O) - HF({v-1) + HF(0).
irovacmoncoity or nydrogen fluoride makes the first process
il i watlle tne second 1s exothermic. The V-V energy transfer
s, inorensinyg endothermic as the vibrational level increases, but
roe L TR transter becomes less exothermic at higher vibrational levels.

SJre 4 unle resocnance rechinque allows us to monitor the collision
irtoer inoorder to distingaish the two pathways.

resloas Jork using the time-evolution of the transient
oL tloation andd absorption of light from the probe laser, operating

sty e v 2 aned v vibrational levels of HF, following pulsed

o station of HFEov 2}t shows that about 60% of the relaxation occurs by

“he VoV ener gy transfer route.  We have now begun exploring the relative
smp ortance of thewe two pathways in higher vibrational levels by probing

the nopujation i w=1l subseguent to excitation of HF(v>2). The key to
Dop

X' rasting the rejative contributions of the V-T,R and V-V pathways from
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Taese neasurements is g knewledge of the relaxation kinetics in the

Lowie s vibrational levels. Thus, we use the rate constants and branching

2 have detoecained for v=2 in analyzing the data for v=3 and

Lz

thien UL thoese results in analyzing higher levels. QOur measurements on
v =%y anad Heov=4) show that the tractions of the relaxation proceeding
SOV eneryy transler are about 0.45 and 0.1, respectively. The trend

>orai.ayg traction of V-V energy transfer witnh increasing
vancational Jevel Is consistent with the growing endothermic energy
f2oe0t 4t nlgher vivrational levels. As the V-V process becomes
wessively more endothermic, it plays a smaller role in the overall
relaration Kinetics,

The temperature dependence of the collisional energy transfer

rates and tne branching between the two relaxation routes 1s a means of
wiscoverlng the ractors that determine the relative importance of V-T,R
ar.d V-V energy transfer. Our recent study of the temperature dependence
<! the vivrational relaxation rate constant for HF(v=2) (J. M. Robinson,
.. J. Pearson, R. A. Copeland, and F. F. Crim, J. Chem. Phys. 82, 780

. 1385), shows that the rate constant for v=2 decreases more slowly with
teinperature than that for v=1, where V-T,R energy transfer is the only
vhservable process, and than those for v=3,4, and 5, where the V-V
ATl 18 observable but has a large endothermic energy defect.
Detailed analysis of our data for v=2 shows that the weaker dependence

1 the2 relaxation rate on temperature arises from the prominence of V-V
procesess 1n the relaxation of that level. We infer that the efficiency
ot V-V o energy transfer changes more slowly with temperature than does
the efficiency of V-T,R energy transfer as Figure 1, which displays the
temperature dependence of the two process extracted from our analysis,

illustrates. The origin of the weaker
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variation of the V-V energy transfer rate constant with temperature is

the competition between the decreasing collision duration and the
increasing availabiity of thermal rotational energy. At higher
temperatures, the shorter collisions provide less opportunity for long
range forces to bring the molecules into close contact for efficient
energy transfer, but the larger average rotational energy leads to more
collisions in which the internal energy of the collision partner makes
up the energy defect for V-V transfer. The competition between these
two effects is not so important for the higher vibrational levels where
V-V energy transfer contributes less.

Collision partners other than HF are important in chemical lasers,
and previously we have used near-infrared laser induced fluorescence to

study the relaxation of HF(v=3,4, and 5) by H2,02,CH4,CD4, and C02. We
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have now applied H>ur laser double resonance technique to investigate a
potentially very important partaer, the hydgrogen fluoride dimer (K. J. .
{
Rensverger, J. M. Robinzon, R. A. Copeland, and F. F. Crim, J. Chem. ’
L]
Pnya. {(to be published)). At pressures of 50 Torr, HI dimers constitute
Shiy oone to two percent of the molecules but are significant energy
[
transfer partners if they rapidly relax the vibrationally excited )
Wolnome The decay constants for HF(v=1) extracted from our i
L
measurements over the range of 10 to 50 Torr show curvature that
refiects . he presence of the dimer. The observed decay constant is ]
b=k P + kP =kpP + k.KP> '
MM D’D = ™M D
wierre RM and kD are the monomer and dimer bimolecular energy transfer
rate constants, respectively, and PM and PD are the corresponding
vressures.  Th a very gSood approximation, the dimer pressure is KP2 ]
where K 1is the eguilibrium constant and P the total pressure. The data ‘
wn in Figure 2 illustrate the influence of the dimer on the pressure
40 —r—T——T——7 1 ]
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e of the observed decay constant.  The curvature in the lowest
‘emperature data arises tfrom efficient relaxation of the monomer by the
frme s £itting 1hese data yields the product of the equilibrium
“srstant ard the relaxation rate constant of the dimer by the monomer.
Sre dimer s oan extremely efficient collision partner that removes a

“at il guantum from HFE(v=1l) in only about five collisions. Our |

et yiiad kinetic analysis shows that this very efficient V-T,R

»ixotion proceeds by a pair of sequential steps in which nearly

Fe

rosenant VoV energy transfer from HF(v=1) excites the dimer and it
canidly forms two ground vibrational state monomers by vibrational

predlesucliation.

tational Relaxation
Nur laser double resonance studies of rotational energy transfer
1o desiygned to determined the thermally averaged rate constants for
relaxatlion of individual quantum states and to assess the utility of
various empirical and theoretically based scaling relations in
nre tlcoting large numbers of unmeasured rate constants from a few known

values. These rate constants and the scaling relations among them have

sboious utility in modelling systems, such as chemical lasers, where
r2tat.onal state populations are controlled by collisional energy
transfer. QOur extensive experimental studies are described in two
papers (R. A. Cupeland and F. F. Crim, J. Chem. Phys. 78, 5551 (1983)
and J. Chem. Phys. 81, 5819 (1984)) that present the results and apply
various scaling relations to the analysis of the laser double resonance

data. The two categories of scaling relations that we use are those

W IR TN - ' p y . o - ‘ - . L . . .- o ’J
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taet o the energy lefeot tfor the rotrational energy transfer process,
Lol thee enponential o #2nergy gap and the power law models, and those
Ceer o Ui energy coarected sudden (ECS) approximaticon.  Both of the
cuer s baced soealing relatinns adequately fit our data, which span the
citionie L approximately six excitation and six independent probe
Sotodo show sianificant differences in their predictions for the
s ior luo nisher levels that are not part of the data set. The most
oo enstal scheme for reproducing our measurements is the ECS
topro<imation model.  This model, which includes angular momentum
Laostraints that are abgsent in those based solely on energy, gives a
mach o better tit to the data for J=0 to 6 than the other scaling laws.
[t = als: the most successful in predicting the results for very high
roortational levels. The ability to extrapolate these ECS approximation
wmed wcaling laws beyond the region over which the parameters were fit

.- o«aplite promising for models of complex systems.

Hardware pDevelopment

The goal of studying vibrational and rotatiocnal relaxation in
deuterium fluoride using the measurement and data analysis techniques
“hiat we have developed for hydrogen fluoride depends crucially on
severral experimental advances in our laboratory. The two most important
Hf these are otabllization of our continuous chemical probe laser, to
e rmLt o more extensive 5ignal averaging, and conversion of our laser to
iperate urnomolecular deuterium. During the last funding period we have
A complilisaed these goals and assembled an In:Sb detector suitable for
use in the wavelength range of deuterium fluoride transitions. We have
Al acgquired experience w. . h longer wavelength red dyes and begun

producing severa; millijoules of energy in the region ot 1.8 U by

ORGP G S | N
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~wstem Jdramaticailly reduces fluctuations in the

100 kHz and makes possible the more

. and extensive signal averaging required for studying

leuterium fluoride system. Figure 3 illustrates the
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